Following Parsons' (2009) challenge of the hypothesis that Groenvlei is sustained by discharge from the underlying Table  Mountain Group Aquifer, research was undertaken to better understand the hydrology of Groenvlei. Using a daily water balance model coupled to Darcian flow calculations it was possible to show that direct rainfall and evapotranspiration losses were the key hydrological drivers of the system, with groundwater playing an important but secondary role. It was found that Groenvlei is not endorheic and that S pan measurements are best upscaled to lake evaporation using coefficients offered by Midgley et al. (1994). The reed collar plays an important role in the functioning of the lake, but is dormant during winter. The outcome of the research demonstrated that sound conceptualisation using all available data, information and knowledge remains a critical aspect of any hydrological modelling. The improved understanding of the hydrology of Groenvlei is expected to facilitate a better understanding of the nine Ramsar wetlands located on similar, but more complicated, hydrogeological settings elsewhere on the South African coastline.
INTRODUCTION

Parsons (2009) disagreed with
and Roets et al. (2008a Roets et al. ( , 2008b by asking whether Groenvlei was really fed by groundwater discharged from the Table Mountain Group (TMG) Aquifer. He found no credible scientific evidence to support Roets' hypothesis. Further research was conducted by Parsons (2014) to better understand the hydrology of Groenvlei and quantify the contributions to the wetland. This paper presents some of the findings of that research.
STUDY AREA
Groenvlei is located directly east of the village of Sedgefield on the southern Cape coast of South Africa (Fig. 1) . It is one of a series of five brackish coastal lakes in the area, but is the only one disconnected from the sea. The wetland covers an area of 359 ha, of which 245 ha is open water and 114 ha comprise of reeds/ rushes/sedges (Phragmites, Typha and Cladium, respectively, henceforth all collectively referred to as reeds). The reed collar thus comprises 31.8% of the total area of the wetland. Most of the water body is less than 3 m deep. Groenvlei is situated between two steeply sloping west-east orientated stabilised dunes. It is somewhat unique in that it is not fed or drained by any rivers. Climatically, the southern Cape is transitional between the winter rainfall Mediterranean climate of the Western Cape and the subtropical summer rainfall characteristic of much of the rest of the country. Groenvlei experiences a mild and temperate climate. Rain falls throughout the year, with the area experiencing a mean annual rainfall of 653 mm.
The wetland is located on the Eden Primary Aquifer which comprises unconsolidated sand of unknown thickness. The aquifer is transmissive in nature and characterised by flat hydraulic gradients. Groundwater plays an important role in the water supply to Sedgefield, but abstraction is distant from the lake. Groundwater abstraction in the immediate vicinity of the lake is limited and for the sake of this assessment can be ignored.
Nine of the Ramsar-designated wetlands in South Africa are located in similar hydrogeological settings to Groenvlei. As the hydrology of Groenvlei does not have any surface water or tidal components, the hydrology is less complicated than the other systems and the role of the hydrogeological component can be better assessed. It is motivated that a better understanding of the role of groundwater in sustaining Groenvlei will facilitate a better understanding of the hydrogeological component of the nine Ramsar wetlands.
METHOD
A water balance study of the lake formed the basis of the study. This was supported by hydrogeological studies that allowed for the quantification of the groundwater flow components. Coupling of the water balance with Darcian flow equations provided a powerful tool for understanding and quantifying the hydrology of Groenvlei.
Water balance
The water balance (or water budget) is based on the conservation of mass and is widely used in hydrological studies (Ward, 1975; Winter, 1981; Healy et al. 2007 ). The successful application of the technique has as its foundation a sound conceptual model. In its simplest form the water balance is written as: Expanding the equation to consider individual components of the input and output terms results in:
The hydrology of Groenvlei does not include run-off into and out of the lake. The electrical conductivity of the wetland ranges between 350 mS/m and 450 mS/m, resulting in insignificant abstraction from the brackish water body. Consequently, the Ri, Ro and A terms can be ignored and the water balance equation rewritten as:
(Gi -Go) = E − P + Δs with the term (Gi -Go) being referred to as the nett groundwater contribution. Rainfall, pan evaporation and lake levels had been recorded daily for a period of 31 years, thus allowing the water balance to be used to solve for the unknown, i.e., the nett groundwater contribution. A strength of the study was the ability to check the reasonableness of the determined nett groundwater contribution by using Darcy's Law to determine the inflow and outflow of groundwater from the lake.
Climatic data
While the lake level at Station K3R001 was recorded by the Department of Water and Sanitation to a high level of accuracy, the climatic data measured between October 1981 and October 2012 at Weather Station K3E003 were problematic. On inspection of the S pan evaporation data, it was found that 17% of the data were missing and 0.2% of the data were unreasonably high. As evaporation is relatively predictable, it was possible to patch the data set using the average daily loss of each month calculated from the S pan data measured at Weather Station K3E003. The small percentage of suspect data were removed from the record and patched in the same manner. The revised annual S pan evaporation was calculated at 1 028 mm/a. This is lower than the 1 326 mm/a presented in WR90 for Weather Station K3E003 (Midgley et al., 1994) , but similar to the 1 096 mm/a for the nearby, but no longer functioning, weather station at Swartvlei. The two weather stations were less than 2 km apart and 10 km west of Groenvlei. Addressing missing rainfall data was more difficult. A comparison of rainfall measured at Weather Station K3E003 with that measured at the Sedgefield Fire Station and the water level of Groenvlei suggested that the rainfall record was at least as poor as that of the S pan data. A manual process was then undertaken to patch the rainfall record. This entailed comparing rainfall measured at K3E003 to that measured at the fire station, and noting where poor comparisons were obtained. These instances of poor correlation were then compared to the water level of Groenvlei, and the rainfall adjusted if the rainfall was not of a similar order as the change in water level in the lake. A check was made to ensure that any significant rise in water level was accompanied by a rainfall event in the rainfall record. Both approaches were based on the observation that a rise in lake level was accompanied by an equivalent depth of rainfall and an acknowledgement that errors associated with small events would Published under a Creative Commons Attribution Licence be difficult to detect or correct. A total of 9 rainfall events were added to the 31-year record, after which the mean annual rainfall was calculated to be 653 mm/a.
Hydrogeological data
Hydrogeological data used in the research were sourced from a range of groundwater consulting studies conducted in the area between 1992 and the present (Parsons, 2014) . This included the measurement and monitoring of groundwater levels, pumping tests and the use of radon isotopes. The groundwater level data allowed for a groundwater level contour map of the area to be compiled (Fig. 2) , while the remaining data allowed for characterisation and conceptualisation of the groundwater system.
The volume of groundwater discharged through a crosssectional area can be calculated using Darcy's Law. In its simplest form Darcy's Law states that:
The transmissivity of the Eden Primary Aquifer was determined from the results of pumping tests conducted in the vicinity of Sedgefield (Parsons, 2014) . While the assessment of T in unconfined leaky aquifers can be problematic, absence of knowledge about the thickness of the aquifer was also limiting. The results of testing confirmed the aquifer to be highly transmissive, and an average T of 270 m 2 /d was obtained from the analysis of the results of 13 constant discharge tests conducted in the area. This estimate of T is similar to the 300 m 2 /d used by Dennis in her numeric model of the groundwater system directly east of Groenvlei and similar to that reported in the literature for similar primary aquifers in and around Cape Town (Henzen, 1973; Fleisher and Eskes, 1992; Wright and Conrad, 1995; Vandoolaeghe, 1989) .
The groundwater level contour map allowed for the direction of groundwater flow to be determined as well as the measurement of hydraulic gradients (i) and the width of the inflow and outflow boundaries of the lake (w) ( Table 1) . Interpretation of the map confirmed that the wetland acts as a flow-through cell.
RESULTS
Groenvlei not endorheic
Analysis of groundwater level data showed that Groenvlei is not endorheic in character (i.e., a blind or closed drainage system without any drainage outlet, in which flow remains within), with groundwater discharging into the lake along its northern shore and water discharging into the subsurface along the southern shore (Fig. 2) . This interpretation was supported by salinity and isotope data (Parsons, 2014) and highlights the importance of considering an integrated hydrological cycle, as has been embedded in the National Water Act (Act No. 36 of 1998). It also points to the hidden hydrology (hydrogeology) of systems often not being appreciated. It is noteworthy that Bayesian statistics could not be used to interpolate the direction of groundwater flow from topographic data as there is no correlation between topography and groundwater head (Fig. 3) .
Surface run-off
No rivers drain into or out of Groenvlei. This visual observation was supported by an analysis of rainfall and lake level data during extreme events. It was found that the depth of rainfall during 4 extreme events (March 2003 (175 2 days) ) was equivalent to the rise of water in the lake. For example, during the November 2007 event the level of the lake rose 240 mm. The hydrogeological properties of the sand are such that the infiltration rate of the sand was greater than rainfall intensity during these events.
Evapotranspiration losses
Evaporation is a collective term covering all processes in which liquid water is transferred as a vapour to the atmosphere (McMahon et al., 2013) . Direct measurement of evaporation losses from an open body of water is rarely undertaken. Clulow et al. (2012) noted that despite improvements to measurement techniques and the dominant role of evaporation in wetland water balances, there are few studies in southern Africa with actual measurements of evaporation from wetlands. A range of indirect methods are available to estimate such losses, including estimation based on measured pan evaporation data, water balance calculations, energy balance calculations, mass transfer procedures and a combination of these.
Given that evaporation was measured nearby at Weather Station K3E003 using an S pan, and from information presented in the literature (Watkins, 1993; Midgley et al., 1994; McKenzie and Craig, 1999; Blight, 2002; Clulow et al., 2012; McMahon, 2013 and others) , it was decided that 3 different methods would be used to upscale the pan measurements to actual evaporation losses from Groenvlei:
• S pan data adjusted using a coefficient of 0.7
• S pan data adjusted by Midgley et al. (1994) 
lake evaporation coefficients
• A pan data converted from S pan measurements using the formula provided by Bosman (1990) (as quoted by Midgley et al., 1994) Adjusting pan evaporation measurements with a coefficient is widely used in hydrological studies while the approach prescribed by Midgley et al. (1994) is included in the South African WR90 data set (now updated to WR2012). From their work in the Orange River Basin, McKenzie and Craig (1999) proposed A pan evaporation be used without correction to simulate evaporation losses from South African rivers. They found river evaporation to be higher than S pan values.
Coupling the water balance to estimates of groundwater fluxes meant it was possible to compare the results obtained using the three methods of quantifying the evaporation component of the water balance. It was found that the use of A pan data, as proposed by McKenzie and Craig (1999) , yielded unsatisfactory results as the nett groundwater contribution yielded by the water balance (1.58 mm/d) was much greater than that determined using Darcy's Law (0.29 mm/d). While reasonable results were obtained by adjusting S pan data with a coefficient of 0.7 (0.68 mm/d), the best results were obtained using the lake evaporation coefficients put forward by Midgley et al. (1994) (0.37 mm/d) . In this analysis it was assumed that the nett groundwater contribution remained relatively constant as transmissivity, the length of the boundaries of the water body and hydraulic gradient all remain constant. Monitoring of groundwater levels showed that groundwater levels did not vary by more than 0.4 m over a 5-year period (including a 2-year period of drought), with high groundwater levels coinciding with elevated water levels in the lake (Fig. 4) . These observations indicate that hydraulic gradients remain relatively constant over time.
Water balance
A daily water balance model was developed using an Excel spreadsheet and run for periods of a year. Input into the model included corrected daily rainfall data, patched and adjusted daily S pan data and an adjustable nett groundwater contribution term that allowed for the modelled water level of Groenvlei to be matched to the observed water level. Three versions of the daily water balance model were compiled, each using one of the methods described above to upscale the S pan data to lake evaporation losses.
When running the models using the available data record covering a period of 31 years, it was observed that the transfer from one year to the next of residual errors related to the climatic data prevented reasonable results from being obtained. It was then decided to run the models at a time step of a hydrological year, thereby preventing residual errors being passed through the model. The period between October 1981 and September 1982 is presented in this paper as an example of patterns observed in the 31-year record of the study.
Irrespective of the method used to upscale the S pan data or the nett groundwater contribution, the model was not able to predict the water level of the wetland in the latter part of the hydrological year, i.e., April to September. An example of this is shown in Fig. 5 , but this pattern was observed in each of the 31 years that were modelled. Further research of the transpiration patterns of vegetation that formed the reed collar around the (Carter, 1996; Holt et al. 1998; Goulden et al., 2007 and Zhou and Zhou, 2009) , as well as testing, showed significantly better results were obtained when no evaporation losses were assigned to the reed collar in the winter months (Fig. 6) . As a result, the water balance model was restructured to allow for differences in evaporation during summer and winter and from the open water and the reed collar. Analysis of modelling results using the three methods to upscale the S pan data supported the hypothesis that the reeds don't transpire water during winter and that about 10% more water may be lost from the reed collar than from the open body of water during summer.
Integrating the water balance results with steady-state Darcian flow calculations indicated direct rainfall (71.6%) and groundwater inflow along the western and northern boundaries of the lake (28.4%) constituted inflow into the system. This was balanced by evaporation from open water (61.7%), transpiration from the reed collar in summer (21.4%) and groundwater outflow along the southern boundary (16.9%). The combined evaporation losses amounted to 83.1%. Clearly, direct rainfall and evapotranspiration losses are the main hydrological drivers of the system, with groundwater playing an important, but secondary role.
DISCUSSION
A review of earlier hydrological studies of Groenvlei confirmed that the conceptualisation of prevailing conditions was critical to understanding and quantifying the hydrology of the lake. The absence of surface run-off invalidates the use of the Pitman rainfall-run-off model to quantify the hydrology of Groenvlei, as done by Fijen (1995) , while available groundwater level and hydrochemical data did not support the work of Roets (2008), Roets et al. (2008a , 2008b ) and Vivier (2010 . In any hydrological study it is paramount that conceptualisation be supported by available data, information and knowledge. The scientific method demands a convergence of all evidence.
This research has challenged earlier findings relating to the hydrology of Groenvlei. While most data support the conceptual understanding of the system, a chemical mass balance could not be computed. This technique is the same as the water balance applied during this study, but couples flow fluxes to chemical concentrations to balance chemical loads. While the electrical conductivity or Cl concentrations of groundwater inflow, rainfall, evaporation losses and subsurface discharge from the lake were either measured or assumed from scientific literature (rainfall, evaporation), the chemical mass balance could not be balanced. From the mass balance modelling it appears that salinity is prevented from leaving the lake, possibly through some sort of re-entrainment mechanism driven by the depth of the lake and wind. However, this hypothesis requires further research. Greater confidence in the Groenvlei water balance will apply once this aspect of the system is better understood.
While it might still be possible that upward flow from the TMG Aquifer discharges into the Eden Primary Aquifer, there is no scientific evidence to support the hypothesis that Groenvlei is sustained by this mechanism. Using the results of the water balance study and the depth of rainfall in the Groenvlei catchment it was calculated that only 5.7% of the rainfall in the catchment north of Groenvlei reports to the lake, the rest is either lost to evapotranspiration or discharges to the sea via the subsurface.
It is expected that the outcomes of this research will allow for a better appreciation of the role of groundwater in sustaining all wetlands located in similar hydrogeological settings, including the nine South African Ramsar-designated wetlands . Unlike many of these systems, Groenvlei receives no surface water run-off, has no surface water discharge and no tidal exchange. Consequently, Groenvlei is a simpler system with fewer components to be computed for the water balance. In turn this resulted in fewer errors being introduced into the calculations and allowed for the role of groundwater in sustaining Groenvlei to be more accurately assessed.
CONCLUSION
Research into the hydrology of Groenvlei has demonstrated that sound conceptualisation based on available data, information and knowledge is critical to developing a better understanding of the system. Groenvlei is not endorheic and its key hydrological drivers are direct rainfall and evapotranspiration. Groundwater plays an important, but secondary role. The research showed that the reed collar plays an essential role in the functioning of the lake, with the reeds being dormant in winter. The lake evaporation coefficients put forward by Midgley et al. (1994) provide a means of upscaling pan measurements to lake evaporation losses. While almost all evidence supports the conceptualisation presented in this paper, an inability to balance the chemical mass balance indicates that further research is required before the system is fully understood.
